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Biochemical and biophysical analyses of tight
junction permeability made of claudin-16 and
claudin-19 dimerization
Yongfeng Gonga,b,*, Vijayaram Reniguntac,*, Yi Zhoud, Abby Sunqa,b, Jinzhi Wanga,b, Jing Yanga,b,
Aparna Reniguntae, Lane A. Bakerd, and Jianghui Houa,b
a

Department of Internal Medicine–Renal Division and bCenter for Investigation of Membrane Excitability Diseases,
Washington University Medical School, St. Louis, MO 63110, cInstitute of Physiology and eUniversity Children’s
Hospital, University of Marburg, D-35037 Marburg, Germany; dDepartment of Chemistry, Indiana University,
Bloomington, IN 47405

ABSTRACT The molecular nature of tight junction architecture and permeability is a longstanding mystery. Here, by comprehensive biochemical, biophysical, genetic, and electron
microscopic analyses of claudin-16 and -19 interactions—two claudins that play key polygenic roles in fatal human renal disease, FHHNC—we found that 1) claudin-16 and -19 form
a stable dimer through cis association of transmembrane domains 3 and 4; 2) mutations disrupting the claudin-16 and -19 cis interaction increase tight junction ultrastructural complexity but reduce tight junction permeability; and 3) no claudin hemichannel or heterotypic
channel made of claudin-16 and -19 trans interaction can exist. These principles can be used
to artificially alter tight junction permeabilities in various epithelia by manipulating selective
claudin interactions. Our study also emphasizes the use of a novel recording approach based
on scanning ion conductance microscopy to resolve tight junction permeabilities with submicrometer precision.
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INTRODUCTION
A fundamental question in cell biology is how cells transport solutes
and ions through highly complex tissue structures such as the kidney
tubule, the gastrointestinal tract, the lung alveolus, the organ of
Corti of the inner ear, and the highly specialized cerebral vasculature—the blood–brain barrier. The cells lining these ductal strucThis article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E15-06-0422) on October 7, 2015.
*These authors contributed equally to this work.
Address correspondence to: Jianghui Hou (jhou@wustl.edu), Lane A. Baker
(lanbaker@indiana.edu).
Abbreviations used: AIM, alanine-insertion mutagenesis; DDM, dodecyl maltoside; ECL, extracellular loop; ER, endoplasmic reticulum; FF-EM, freeze-fracture
electron microscopy; FHHNC, familial hypomagnesemia with hypercalciuria and
nephrocalcinosis; MDCK, Madin-Darby canine kidney cell; PD, dilution potential;
PFO, perfluoro-octanoic acid; SCI, strand complexity index; SICM, scanning ion
conductance microscopy; SNI, strand number index; TER, transepithelial resistance; TJ, tight junction; TM, transmembrane domain; WT, wild type; Y2H, yeast
two-hybrid assay.
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tures coordinate with each other to acquire apicobasal polarity
through the formation of a key extracellular organelle—the tight
junction (TJ)—which separates the extracellular space into different
compartments (Farquhar and Palade, 1963). The tight junction is
responsible for the barrier to movement of solutes and ions between
these compartments. Freeze-fracture electron microscopy reveals
membrane protein interactions at the tight junction as an anastomosing reticulum of “fibrils” or “strands” on the fracture faces
(Goodenough and Revel, 1970). Claudins are the key integral membrane proteins of the tight junction and are capable of forming
these “fibrils” or “strands” in several in vitro (Furuse et al., 1999;
Hou et al., 2008) and in vivo (Gow et al., 1999; Ben-Yosef et al.,
2003) models. Therefore determining how claudins interact is pivotally important for understanding the architecture of tight junction.
Claudins associate by cis interactions within the plasma membrane
of the same cell into oligomers, followed by trans interactions between claudins in adjacent cells (Furuse et al., 1999; Piontek et al.,
2008). Additional cis interactions or tethering through peripheral
proteins such as ZO-1 (Stevenson and Goodenough, 1984) may assemble claudin oligomers into the tight junction strand. Claudin-16
and -19, owing to their bona fide physical interaction (Hou et al.,
2008, 2009) and polygenic role in causing the syndrome familial

4333


h
ypomagnesaemia with hypercalciuria and nephrocalcinosis
(FHHNC) (Online Mendelian Inheritance in Man #248250; Simon
et al., 1999; Konrad et al., 2006), can be seen as a prototypical claudin oligomer to model tight junction architecture. Here, using sucrose centrifugation and chemical cross-linking approaches, we find
that claudin-16 and -19 form a stable dimer complex through cis
interaction in several model cell membranes.
Claudins consist of four transmembrane (TM) domains, two extracellular loops (ECL1 and 2), amino- and carboxyl-terminal cytoplasmic domains, and a short cytoplasmic turn (Hou et al., 2013). A
recent breakthrough by Suzuki et al. (2014) revealed the three-dimensional crystal structure of claudin-15 at a resolution of 2.4 Å. The
TM domains of claudin-15 are α-helical bundles; the ECL domains
contain prominent β-sheet structures. However, the loosely packed
claudin monomers in crystal offer limited insight into the claudin
polymerization process due to the lack of cis or trans interaction
(Suzuki et al., 2014). The claudin-related molecule IP39 formed a
two-dimensional crystal that adopted an antiparallel arrangement in
a longitudinally polymerized protein array (Suzuki et al., 2013). Such
a spatial arrangement suggests potentially important intermolecular
interactions at the TM domains. To address this key question, we
used the alanine-insertion mutagenesis (AIM) approach to identify
the TM loci important for claudin cis interactions. On the basis of the
mutations that selectively disrupt the claudin interaction but not its
transport function, we were able to obtain critical insights into how
claudins are assembled into tight junction strands.
In polarized epithelia, claudins confer ion selectivity to the paracellular pathway, which results in differences in transepithelial resistance (TER) and paracellular permeability (Van Itallie and Anderson,
2006). Measurement of paracellular permeability using cell membrane–impermeable tracers indicates that there are 4- to 7-Å channels in the tight junction (Van Itallie et al., 2008), termed the paracellular channel. Functionally, claudin-16 permeates cations, whereas
claudin-19 acts as a barrier to anions when integrated into the tight
junction individually (Hou et al., 2005, 2008). Coexpression of claudin-16 and -19 confers cation selectivity to the tight junction as a
collective result of their singular functions (Hou et al., 2008). Despite
these early efforts to elucidate the macroscopic transport function for
claudin, the nature of tight junction permeability is unresolved due to
lack of a recording approach that can analyze paracellular conductance with submicrometer resolution. Here, using a newly developed
recording approach based on scanning ion conductance microscopy
(SICM; Chen et al., 2013), we find that 1) TJ permeability is a product
of claudin protein density and its unitary permeability, 2) no claudin
hemichannel or heterotypic channel made of claudin trans interaction can exist, and 3) claudin permeation pores can be arranged in a
linear or parallel way to modulate overall TJ conductance.

RESULTS
Claudin-16 and -19 form a heterodimer in HEK293 and Sf9
cell membranes
The tight junction is a remarkably complex protein structure that
appears as particles (each ∼10 nm in diameter as revealed by freezefracture replica) intercalated within anastomosing lipid bilayers
(Goodenough and Revel, 1970). Because of this complexity in TJ
architecture and in the interactome, native TJs in polarized epithelia
are not ideal models for delineating any selected claudin–claudin
interaction; instead, simple cell systems such as the yeast cell, the
insect Sf9 cell, or nonepithelial HEK293 cells, which neither form TJs
nor express endogenous TJ proteins, will allow an unambiguous
study of claudin oligomeric nature. Knowing that claudin-16 cis interacts with claudin-19 from both the membrane yeast two-hybrid
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(Y2H) assay and the coimmunoprecipitation experiments in HEK293
cells (Hou et al., 2008), we asked how claudin-16 and -19 oligomerize in the cell membrane. We previously showed that claudin-16 and
-19, when coexpressed in HEK293 cells, were correctly targeted to
the plasma membrane and could be solubilized in 1% Triton X-100
detergent, which also preserved their interaction well (Hou et al.,
2008). To separate claudin-16/-19 oligomers from their monomers,
we subjected the Triton-solubilized HEK293 cell plasma membrane
to linear sucrose gradient (5–20%) sedimentation. Because the sedimentation rate in a linear sucrose gradient is largely based on molecular mass and shape (Musil and Goodenough, 1993), the claudin
oligomer would be expected to migrate to the higher sucrose density due to its larger sedimentation coefficient than that of the
monomers. In claudin-16 or -19 singly transfected HEK293 cells,
both claudins were recovered predominantly in the 8% fraction (fraction 3; Figure 1, A and B), indicating unassembled monomers, despite the fact that claudin-19 but not claudin-16 showed significant
homomeric interaction in the yeast membrane (Hou et al., 2008). In
doubly transfected cells at a molecular ratio of one claudin-16 to
one claudin-19, the claudin sedimentation pattern changed significantly. Both claudin-16 (Figure 1A) and -19 (Figure 1B) were now
enriched in the 14% fraction (fraction 6), indicating assembled oligomer. To prove that the claudin assembly process is universal and independent of different lipid composition, we performed the same
sucrose sedimentation analysis on insect Sf9 cells from Spodoptera
frugiperda singly or doubly expressing claudin-16 and -19. Both
claudins were delivered to the Sf9 cell using a baculovirus expression system (see Materials and Methods) and found to be correctly
localized in the plasma membrane. Similar to the HEK293 cell, singly
expressed claudin-16 (Supplemental Figure S1A) or -19 (Supplemental Figure S1B) was concentrated in the 8% fraction, whereas
doubly expressed claudins migrated to the 14% fraction (Supplemental Figure S1, A and B). The composition of claudin-16/-19
oligomer was examined by chemical cross-linking experiments.
HEK293 cell membrane proteins from the 14% fraction containing
the claudin oligomer population were incubated in presence or absence of 0.5% glutaraldehyde (Glu; spacer arm, 5.0 Å), 2.5 mM Bis
(NHS) PEG9 (BS(PEG)9; spacer arm, 35.8 Å), 50 μg/ml Bis (sulfosuccinimidyl) suberate (BS3; spacer arm, 11.4 Å), or 2.5 mM dimethyl
suberimidate (DMS; spacer arm, 11.0 Å) for 30 min at 4°C. Except
for BS(PEG)9 due to its long spacer arm, all of the other cross-linkers—Glu, BS3, and DMS—efficiently cross-linked claudin-16 and -19
into an ∼40-kDa oligomer (Figure 1C). In contrast, no oligomer can
be found in the 8% fraction. To report the molecular weight accurately, we subjected the claudin-16 and -19 monomer or oligomer to
a linear SDS–polyacrylamide gel (4–20%) in which the migration distance of a protein is proportional to its molecular weight. The claudin-19 monomer runs at 21 kDa, the claudin-16 monomer at 26 kDa,
and the oligomer at 41 kDa, compatible with a dimerized arrangement (Figure 1D). The oligomer can be recognized by both anticlaudin-19 and -16 antibodies (Figure 1D), which rules out the possibility of a homodimer, with the only available stoichiometry a
heterodimer: one molecule of claudin-16 to one molecule of claudin-19. The same claudin heterodimer can be recapitulated in Sf9
cell membranes (Supplemental Figure S1C). Together these results
reveal the fundamental oligomeric unit of claudins, which can then
be polymerized into the tight junction strand.

The third and fourth transmembrane domains are required
for claudin-16 and -19 interaction
Knowing that claudin-16 and -19 form a cis heterodimer on the cell
membrane, the next key issue is the deciphering of the interacting
Molecular Biology of the Cell

FIGURE 1: Biochemical analyses of claudin-16 and -19 assembly in HEK293 cells. Triton-soluble cell lysate from singly or
doubly transfected claudin-expressing cells was fractionated on 5–20% linear sucrose gradients and blotted with anti–
claudin-16 (A) or anti–claudin-19 (B) antibody. (C) Various cross-linkers used to cross-link the claudin oligomer from
sucrose fraction 6. (D) Linear SDS–PAGE gel electrophoresis to determine the molecular weight of claudin oligomer and
monomer.

domains. AIM is based on the rationale that insertion of an alanine
(a residue with high helical propensity but small steric hindrance
from its side chain) into a transmembrane helix will displace the residue on the N-terminal side of the insertion by 100° relative to those
on the C-terminal side of the insertion, effectively disrupting the
helical interaction interface involving residues on both sides of the
insertion. If insertion is outside of the critical interface, there will be
no detrimental effect. The best examples of using AIM to elucidate
dimeric protein structures are the study of glycophorin A (GpA) dimer (Lemmon et al., 1994; MacKenzie et al., 1997) and of permease
dimer (Sahin-Toth et al., 1994).
To screen for amino acid loci in transmembrane domains important for claudin-16 and -19 interaction, we generated alanine insertion mutations (+A) along the four transmembrane helices of claudin-16 (Figure 2) and -19 (Figure 3) based on the published crystal
structures of claudin-15 (Suzuki et al., 2014) and claudin-19 (Saitoh
et al., 2015). The positions of alanine insertion were chosen periodically along each helix at two–amino acid intervals and marked with
arrows for each amino acid locus, where insertion was placed to its
C-terminal side (Figures 2 and 3A). We then subjected these mutant
claudins to a previously established membrane Y2H assay with their
Volume 26 December 1, 2015

wild-type claudin counterpart—for example, claudin-16 mutant with
claudin-19 wild type (WT) or vice versa (Hou et al., 2008, 2009).
None of the alanine insertion positions in TM1 or TM2 of claudin-16
affected its interaction with claudin-19 (Figure 2B), nor was any
position found in TM1 or TM2 of claudin-19 important for its interaction with claudin-16 (Figure 3B). On the other hand, a number of loci
in TM3 and TM4 of both claudins were critical for their interaction;
insertions at these loci invariably abolished claudin interaction with
β-gal reporter activity at only 20% or less of the wild-type interaction
level (Figures 2 and 3C; positions labeled with asterisks). These positions appeared periodically at four–amino acid intervals (i → (i + 4)n)
for claudin-16 and seven–amino acid intervals (i → (i + 7)n) for claudin-19; both arrangements aligned toward one side of the helix.
Such structural arrangement was very similar to the interaction surface found in the GpA dimer, (i → (i + 4)n; MacKenzie et al., 1997)
and in the leucine zipper coiled-coil protein interaction, (i → (i + 7)n;
Zhou, 2011). From these loss-of-interaction loci, we were able to
draw a favorable interaction surface for TM3 and TM4 in claudin-16
and -19. In claudin-16 TM3, the interfacial loci were 193, 200, and
204 (Figure 2A), because insertions at the 192 or 194 locus may
both displaced the 193 residue, resulting in similar loss of interaction
Claudin and tight junction architecture
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FIGURE 2: Identifying loci in the claudin-16 transmembrane domain important for its interaction with claudin-19.
(A) Helical-wheel view of the four TM domains in claudin-16. The positions of alanine insertion are labeled with arrows.
(B, C) Effects of alanine insertion into claudin-16 TM domains on the claudin-16 and -19 interaction assayed with the Y2H
β-gal reporter gene. The loci with β-gal reporter activity <20% of wild-type interaction level are labeled with asterisks.

(Figure 2C). Of note, the 193-200-204 transition is mixed with i →
(i + 7) and i → (i + 4). In claudin-16 TM4, the interfacial loci included
236, 240, and 244 in a typical i → (i + 4) format (Figure 2A). Insertion
at the 246 locus also abolished interaction (Figure 2C), indicating an
additional interfacial residue, 247 with i → (i + 7) transition from 240
(Figure 2A). In claudin-19 TM3, the interfacial loci were 128, 132,
and 139 with i → (i + 4) followed by i → (i + 7) transition (Figure 3A),
keeping in mind that 139 is the most likely locus because insertions
at both 138 and 140 caused loss of interaction (Figure 3C). Two additional residues aligned in parallel—117 and 135—were also included at the interaction face (Figure 3A), based on the observation
that insertion at a nearby locus, 118 or 134, abolished interaction
(Figure 3C). In claudin-19 TM4, the interfacial loci were 164, 171,
and 178 in a typical i → (i + 7) transition (Figure 3A). The 171 locus
was deduced from the interaction data of insertion at 170 (Figure 3C).
4336 | Y. Gong, V. Renigunta, et al.

Because insertion at 174 or 176 either diminished or abolished interaction (Figure 3C), we included the 175 residue at the interaction
face due to its proximity to these affected loci and continuity with
other interfacial loci on the helical wheel (Figure 3A).
Because the structural arrangement of transmembrane helices
may play roles not only in claudin dimerization but also in protein
folding and quality control of the endoplasmic reticulum (ER), we
verified correct expression of the alanine insertion mutants using the
Y2H system (Hou et al., 2008). Each alanine insertion mutant was
coexpressed with the yeast ER protein Alg5 in the bait–prey format
(see Materials and Methods). If the mutant claudin protein passes
ER quality control and is properly inserted into the plasma membrane, coexpression with Alg5 will result in activation of reporter
genes due to direct binding of Alg5 with ubiquitin that is fused to
the mutant protein. All mutant proteins tested so far showed
Molecular Biology of the Cell

FIGURE 3: Identifying loci in the claudin-19 transmembrane domain important for its interaction with claudin-16.
(A) Helical-wheel view of the four TM domains in claudin-19. The positions of alanine insertion are labeled with arrows.
(B, C) Effects of alanine insertion into claudin-19 TM domains on the claudin-16 and -19 interaction assayed with the Y2H
β-gal reporter gene. The loci with β-gal reporter activity <20% of the wild-type interaction level are labeled with asterisks.

interaction with Alg5, indicating correct folding and trafficking to
the yeast cell membrane (Supplemental Figure S2). Taken together,
these data suggest an antiparallel dimerization structure involving
transmembrane domains 3 and 4 of claudin-16 and -19.

Loss-of-interaction mutations in claudin-16 and -19 increase
the gross junctional resistance
The LLC-PK1 cell expresses claudin-1, -3, -4, and -7, and its background permeability is anion selective (Supplemental Tables S1 and
Volume 26 December 1, 2015

S2), suggesting that its tight junction is aligned with an anion-permeable claudin such as claudin-4 or -7 (Figure 4Ai; Hou et al., 2006).
Claudin-19 replaces the background claudin with the less-permeable claudin-19 channel (Figure 4Aii). Claudin-16 creates a cation
channel that can be intercalated into the background strand, generating a tight junction that is highly permeable to both cation and
anion (Figure 4Aiii). Because of the strong cis interaction, claudin-16,
when coexpressed with claudin-19, forms a preferred TJ strand with
claudin-19 that now becomes highly permeable to cation but less
Claudin and tight junction architecture
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FIGURE 4: Effect of claudin interaction on transport function. (A) Cartoon showing models of claudin-16 and -19
polymerization into tight junction strands. (B, C) Dilution potential values (B) and TER values (C) across LLC-PK1 cell
monolayers expressing claudin-16 with claudin-19 loss-of-interaction mutations. (D, E) Dilution potential values
(D) and TER values (E) across LLC-PK1 cell monolayers expressing claudin-19 with claudin-16 loss-of-interaction
mutations.
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permeable to anion (Figure 4Aiv). If interaction is required for function, then breakdown of claudin-16 and -19 interaction will abolish
the permeability profile in model iv and generate a novel phenotype
deriving from additive effects of models ii and iii (Figure 4Av). To test
model v directly, we took advantage of the loss-of-interaction mutations in claudin-16 and -19 described elsewhere in this study
(Figures 2 and 3).
The loss-of-interaction mutations in claudin-19 were first compared with wild-type claudin-19 to determine whether any mutation
affected its endogenous function. Among the 10 mutations, claudin-19-170A showed a complete loss of function (Supplemental
Figure S3A and Supplemental Table S1) owing to its trafficking defect to the lysosome (Supplemental Figure S4). Claudin-19-118A,
-132A, -138A, -164A, -176A, and -178A caused partial loss of function to variable extents (Supplemental Figure S3A and Supplemental Table S1). Because these mutations were localized normally to
the tight junction (Supplemental Figure S4) and did not participate
in the extracellular ionic permeation pore, their reduced function
can be attributed to their reduced ability to polymerize into a homomeric TJ strand (Figure 4Aii). If the third and fourth TM domains
are important for claudin-16 and -19 interaction, it will be rational to
extend such antiparallel arrangement to all claudin interactions,
both homomeric and heteromeric. The remaining three mutations—claudin-19-128A, -134A, and -140A—retained normal function and localization (Supplemental Figure S3A and Supplemental
Table S1). Knowing that claudin-19 and -16 worked together to
generate maximal cation selectivity (Figure 4Aiv), we asked whether
disruption of their interaction would abolish such cation selectivity.
Except for the 170A mutation with trafficking defect, the nine lossof-interaction mutations in claudin-19 were coexpressed with wildtype claudin-16 in LLC-PK1 cells. The dilution potential (PD) in cells
coexpressing mutant claudin-19 and wild-type claudin-16 was significantly lower than that in wild-type claudin-19 and -16 coexpression (Figure 4B and Supplemental Table S1). Of note, the TER was
significantly higher in all of the mutants tested (Figure 4C and Supplemental Table S1). The increase in TER was caused by a profound
decrease in the absolute permeability of Na+ (PNa; Supplemental
Table S1), which was somewhat surprising because of the presence
of the wild-type form of claudin-16. These data suggest that claudin-16 is not aligned with claudin-19 in parallel as in Figure 4Aiv,
due to the lack of cis interaction. Instead, claudin-16 and -19 must
be separated into two different strands and arranged in serial
(Figure 4Av). Because claudin-16 is impermeable to anions, whereas
claudin-19 impermeable to cations, sequential alignment will impede the passage of both cations and anions, increasing the gross
junctional resistance.
The loss-of-interaction mutations in claudin-16 were also studied
individually (Supplemental Figure S3B) or when coexpressed with
wild-type claudin-19 (Figure 4, D and E). Among the eight mutations, claudin-16-194A, -236A, and -240A were complete loss-offunction mutations (Supplemental Figure S3B and Supplemental
Table S2), owing to their trafficking defect to the ER (Supplemental
Figure S4). The remaining five mutations—claudin-16-192A, -200A,
-204A, -244A, and -246A—retained normal localization (Supplemental Figure S4) and partial transport function of claudin-16 (Supplemental Figure S3B and Supplemental Table S2). Coexpressing
these claudin-16 mutants with claudin-19 not only reduced the PD
and cation selectivity (Figure 4D and Supplemental Table S2), but it
also increased TER (Figure 4E and Supplemental Table S2). Of note,
the PNa in coexpressing cells was significantly lower than that in cells
expressing the same claudin-16 mutant alone (Supplemental Table
S2), further supporting model v in Figure 4A. Taken together, these
Volume 26 December 1, 2015

results suggest that the overall tight junction permeabilities are determined not only by individual claudin permeability, but also by
claudin cis interaction.

Loss-of-interaction mutations in claudin-16 and -19 increase
TJ strand number and complexity
To reveal the underlying ultrastructural changes in tight junctions,
we performed freeze-fracture electron microscopy (FF-EM) on LLCPK1 cells expressing claudin-16 or -19 or their mutants, individually
or in combination. The LLC-PK1 cell background TJ was seen as
continuous parallel strands preferably associated with the P face of
the replica (Figure 5A). Adding claudin-16 did not change the overall morphology of the TJ strands but clearly increased the complexity of the TJ by developing not only parallel strands but also vertical
strands (Figure 5B). Adding claudin-19 dramatically altered TJ morphology and strand number (Figure 5C), compatible with the model
in which claudin-19 replaces the background claudin (Figure 4Aii).
Moreover, complementary claudin-19 fibrils and grooves were continuous on the replica (Figure 5C), indicating that claudin-19 makes
a strong trans interaction between neighboring cells. In LLC-PK1
cells coexpressing claudin-16 and -19, the TJ strands were morphologically similar to those in cells expressing claudin-19 alone (Figure
5D), which is compatible with our previous observation that claudin-16 cis interacts and copolymerizes with claudin-19 into the tight
junction (Hou et al., 2008). The most telling discovery was in LLCPK1 cells coexpressing the interaction-incompetent claudin-16 and
-19 pair. Coexpression of wild-type claudin-19 with the loss-of-interaction mutant in claudin-16 (246A; Figure 5E) or wild-type claudin-16 with the loss-of-interaction mutant in claudin-19 (178A;
Figure 5F) invariably increased TJ strand number and complexity
compared with either the LLC-PK1 cell background (Figure 5A) or
coexpression of wild-type claudin-16 and -19 (Figure 5D), whereas
singly expressed mutant claudin-16 (246A) or claudin-19 (178A)
generated a TJ pattern similar to that of its wild-type species (Figure
5, B and C). To quantitatively document the TJ ultrastructural
changes, we defined two criteria, the strand number index (SNI) and
the strand complexity index (SCI), as follows. 1) The linear TJ strands
in each replica were divided into 100-nm strand units longitudinally;
2) the strands (both parallel and vertical) in each unit were counted;
3) the strand intersections in each unit were counted—0 for two
parallel strands, 1 for intersection once, 2 for intersection twice, and
so on; 4) the SNI was defined as the sum of strand numbers in all
units divided by the number of units; and 5) the SCI was defined as
the sum of strand intersections in all units divided by the number of
units. On the basis of these criteria, we calculated the SNI (Figure
5G) and the SCI (Figure 5H) for tight junctions made of claudin-16 or
-19 or their mutants. Adding claudin-16 to LLC-PK1 cells increased
SCI (p < 0.05, n = 7–9 replicas; Figure 5H) but not SNI (Figure 5G),
whereas adding claudin-19 significantly increased SNI but not SCI
(Figure 5, G and H). Because of the strong cis interaction, SNI and
SCI of TJ strands made of claudin-16 and -19 coexpression were not
different from those of claudin-19 strands (Figure 5, G and H). Disruption of the claudin-16/-19 interaction profoundly increased the
SCI and to a lesser extent the SNI (p < 0.05, n = 7–9 replicas; Figure
5, G and H) compared with the wild-type claudin-16/-19 tight junction. Biochemical experiments using sucrose gradient centrifugation
and chemical cross-linking approaches further confirmed that neither the claudin-16 mutant (246A) nor the claudin-19 mutant (178A)
retained the ability to form a stable heterodimer with its wild-type
counterpart (Supplemental Figure S5). This finding was compatible
with the model in Figure 4Av in which claudin-16 and -19 are separated into two different ultrastructures, leading to significant
Claudin and tight junction architecture
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FIGURE 5: Freeze-fracture images of claudin-transfected LLC-PK1 cells. Freeze-fracture electron microscopy revealed
TJ ultrastructures in LLC-PK1 cells with no transfection (A) or LLC-PK1 cells transfected with claudin-16 (B), claudin-19
(C), claudin-16 and -19 (D), claudin-16-246A mutant with claudin-19 (E), or claudin-16 with claudin-19-178A mutant
(F). Bar, 100 nm. Quantitative image analyses revealed TJ strand difference (G) and TJ complexity difference (H) among
these LLC-PK1 cells transfected with claudin-16, -19, or their mutants. *p < 0.05, n = 7–9.

increases in TER (Figure 4, C and E). Taken together, these results
indicate that the tight junction ultrastructures were determined not
only by claudin species but also by claudin interactions.

High-resolution recording of claudin-16 and -19
conductance with SICM
Previous macroscopic recordings of tight junction conductance reflect aggregates of thousands, or even millions, of channel conductance, with current density reaching microamperes per square centimeter. Clearly, these measurements lack resolution on the
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molecular level. Unlike the transcellular channel, which can be recorded in a patch of membrane with a patch clamp, the paracellular
channel is located across the cell–cell boundary, precluding the formation of a gigaohm seal between the pipette and the membrane.
To overcome this technical hurdle, we developed a novel tool based
on SICM (Hansma et al., 1989) to record the claudin-2 channel in
Madin–Darby canine kidney (MDCK) cells with conductance resolution reaching picoamperes and spatial resolution reaching nanometers (Chen et al., 2013; Zhou et al., 2013). We term this tool potentiometric-scanning ion conductance microscopy (P-SICM). P-SICM
Molecular Biology of the Cell

uses a “virtual seal” to monitor the access resistance (Raccess) of the
gap between the nanopipette and surface (Dps; Figure 6A) to draw
a topographic image of the apical surface of a cell monolayer, which
can then be used to locate the position of the tight junction
(Figure 6B). The circuit from pipette electrode (PE) to reference electrode (RE) based upon monitoring Raccess can also be used to position the pipette at a fixed distance above the surface (maintaining
constant Dps; Figure 6C, PE-RE circuit). A second circuit from potential electrode (UE) to reference electrode (RE) analyzes the conductance of a permeating pore (Rpore) within the tight junction driven by
transepithelial potential differences from −50 to +50 mV at the frequency of 5 Hz (Figure 6C, UE-WE circuit). To study selective interaction between different claudin species, we generated LLC-PK1 cells
expressing claudin-16 or -19 with concomitant expression of a fluorescent marker protein by using an internal ribosome entry site
(Figure 6D). Under the coculture condition (CC) with individually expressed claudin-16 or -19, three types of tight junction can be differentiated according to live-cell fluorescence microscopy (coupled
with the SICM module to allow simultaneous imaging and recording): claudin-16/-16 (between green cells), claudin-19/-19 (between
red cells), and claudin-16/-19 (between green and red cells;
Figure 6D). Under the coexpression condition (CE) with doubly expressed claudin-16 and -19, only one type of tight junction made
from doubly expressed cells was recorded (between yellow cells;
Figure 6D). When expressed in vitro individually or in combination,
claudin-16 and -19 proteins were found in the tight junction of transfected cells (Hou et al., 2005, 2008).
The conductance over cell junctions (CJs; paracellular) and cell
bodies (CBs, transcellular) of claudin-16–expressing cells displayed
Gaussian distributions and had averages of 44.5 ± 2.4 mS/cm2 (n =
55, mean ± SD, p = 0.11) and 19.8 ± 1.0 mS/cm2 (n = 52, p = 0.83),
respectively (Figure 6E). The conductance over claudin-19 TJs and
CBs was also normally distributed, with averages of 4.2 ± 0.18 mS/
cm2 (n = 59, p = 0.59) and 2.4 ± 0.13 mS/cm2 (n = 44, p = 0.18), respectively (Figure 6E). The TJ conductance of heterotypic claudin-16 and -19 junction in CC cells was similar to that of heteromeric junction in CE cells (Figure 6F), but the ion selectivity (PNa/PCl)
was vastly different between CC and CE (Figure 6G). In fact, the
absolute permeabilities for Na+ (PNa) and Cl− (PCl) in CC cells remained unchanged from those in wild-type LLC-PK1 cells (Figure
6H), suggesting that no channel can be made between claudin-16
and -19 through trans interaction. Claudin-16 alone increased the
TJ conductance, whereas claudin-19 itself decreased the TJ conductance (Figure 6F), compatible with previous macroscopic recordings. Both claudin-16 and -19 favored cation selectivity (Figure
6G), consistent with the concept that claudin-16 created a cation
channel, whereas claudin-19 limited anion permeation. Of note,
PNa in the claudin-16/-16 junction was around twofold higher than
that in the CE junction; PCl in claudin-19/-19 function was about
twofold lower than in CE (Figure 6H). These data suggest that the
channel density in the claudin-16 or -19 homogeneous junction is
twofold higher than that in the CE heterogeneous junction, consistent with model iv in Figure 4A in which claudin-16 and -19 is linearly arranged along the TJ strand in CE cells through cis association. The ion selectivity estimated with SICM (Figure 6H) is markedly
higher for claudin-16 but lower for claudin-19 than with the traditional Ussing chamber approach (Supplemental Table S1). The difference could be due to signal gain in the recording of claudin-16
but signal loss in the recording of claudin-19, because our SICM
configuration is more sensitive toward increases in conductance.
Despite the fact that claudin-16 primarily handled cations, whereas
while claudin-19 handled anions, the counterion conductance in
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claudin-16 and -19 channels was also markedly affected (Figure 6H).
Such effects were more pronounced in SICM recording than with
the macroscopic approach (see earlier discussion). The difference
could be caused by the contaminating transcellular conductance,
which was not easy to exclude through the use of ouabain in Ussing
chambers but was well separated by SICM from the paracellular
conductance. Such claudin-induced transcellular conductance was
noticed by Gunzel et al. (2009) in the discovery of the claudin-16–
stimulated membrane Cl− channel. Taken together, these results
show the bona fide paracellular conductance made up of selective
claudin–claudin interactions.

DISCUSSION
Many previous attempts had been made to elucidate the oligomeric
nature of claudins. Mitic et al. (2003) first revealed a claudin-4 hexamer from Sf9 cell membranes solubilized with perfluoro-octanoic
acid (PFO) detergent and separated using a native gel system (PFOPAGE). This claudin hexamer was later found to be an artifact when
a different detergent, dodecyl maltoside (DDM), was used (Van
Itallie et al., 2011). With the native gel system based on Coomassie
blue G250 (blue native PAGE), Van Itallie et al. (2011) demonstrated
that claudin-2 instead of claudin-4 (rather as a monomer) adopted a
dimeric form from several cell membranes dissolved with DDM.
Nevertheless, the use of mild neutral detergents and the native gel
system cast doubt on the stability of such a claudin-2 dimer. The
claudin-16 and -19 dimer is much more stable than the claudin-2
counterpart; its purification can be achieved with Triton X-100 solubilization and a linear sucrose gradient. Of note, the claudin-16/-19
monomer and dimer were recovered from the 8 and 14% sucrose
fractions, which was consistent with the sedimentation pattern of
claudin-4 in the Sf9 cell (Mitic et al., 2003) but different from that of
occludin in the polarized intestinal epithelial cell T84 (Nusrat et al.,
2000). In native T84 epithelia, the occludin sedimentation rate appeared to be higher for the 22% fraction, keeping in mind that the
tight junction interactome may influence this assay and complicate
its interpretation. The dimerization of claudin-16 and -19 relied on
their cis but not trans interaction. Disruption of the claudin-16 and
-19 cis interaction will break their coassembly into tight junction
strands. Because the homotypic trans interaction of claudin-16 or
-19 still exists, they will assemble into different strands by themselves or through preferable cis interactions with other claudins
present in the cell. Clearly, the more incompatible claudins there are
in the tight junction, the more complex the TJ strands will become
and the higher will be the transepithelial resistance, as evidenced by
freeze-fracture EM and electrophysiological recordings. This principle also relates to many previous observations that adding an ectopic claudin into different epithelia can generate different phenotypes, largely owing to the unknown background of endogenous
claudins and their interaction ability with the added claudin. From a
therapeutic point of view, this principle can be used to create unique
paracellular permeabilities in various epithelia based on existing
knowledge of claudin cis and trans interactions. The claudin trans
interaction was previously considered to play a structural role
through ECL2 to bring neighboring cells into contact (Piontek et al.,
2008). Because ECL2 was not involved in claudin transport function,
it was assumed that trans interaction only anchored claudins into the
tight junction. Our functional study indicates otherwise. The heterotypic channel made up of claudin-16 and -19 in cocultured cells had
no conductance despite the fact that both claudins are stably integrated into the tight junction. These data also suggest that claudins
cannot function as a hemichannel; normal function requires intercellular compatibility, which likely involves both extracellular loops.
Claudin and tight junction architecture
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FIGURE 6: SICM recording of claudin-16 and -19 conductance. (A) Schematic of P-SICM. A dual-barrel pipette is used to
obtain topographic information and measure local changes in transepithelial conductance related to transcellular or
paracellular pathways. CE, counterelectrode; Dps, probe–substrate distance; PE, pipette electrode; RE, reference
electrode; UE, potential electrode; WE, working electrode. (B) Topographic image (40 × 40 μm) of the apical surface of
the LLC-PK1 cell monolayer was imaged to locate the positions of cell bodies (CBs) and cell junctions (CJs). The black
dot in the center of the larger white circle at these positions approximates the size of the pipette tip used. (C) Electric
circuit used to monitor and access resistance (PE-RE) and analyze pore resistance (UE-WE). (D) Fluorescence images of
LLC-PK1 claudin-16 and -19 coculture and coexpression cells. Bar, 15 μm. (E) Histograms of conductance measurements
obtained over CBs (hatched) and CJs (solid) on claudin-16 cell monolayers (left) and claudin-19 cell
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Because of the spatial orientation of the paracellular channels,
traditional techniques such as patch-clamp studies are not effective
to achieve high-resolution recording due to the leaky currents
through cell–cell boundaries. The concept of “ion scanning” is ideal
for studying paracellular conductance based on the following
rationale: 1) SICM is an improvement over “loose patch clamp” in
that it provides precise control of pipettete-to-surface distance
(Dps), which causes primary system error in signal gain or loss; 2) by
controlling the pipette diameter and Dps, the spatial resolution of
SICM can be predefined using nanopores (Chen and Baker, 2011;
Zhou et al., 2012); and 3) the precise location of apical cellular structures such as tight junctions and microvilli can be acquired and pinpointed during recording with the SICM topology mode (Chen
et al., 2012). We demonstrated the feasibility of using SICM to record the paracellular conductance of the claudin-2 channel with
submicrometer resolution (nominal radius of 265 nm) in MDCK cells
(Chen et al., 2013). Because of the high spatial resolution, SICM
makes it possible to isolate conductance signals from a discrete
number of paracellular channels. This feature has made it possible
for the first time to resolve the relationship of channel conductance
to density in claudin-16 or -19 homomeric versus heteromeric junctions. A major limitation of our approach is the lack of quantitative
data on claudin molecular density along the tight junction strand.
Using conventional fluorescence microscopy, Kaufmann et al. (2012)
estimated the on-strand claudin-3 and -5 molecular density to be
∼4000/μm2. If claudin-16 and -19 on-strand molecular density is
similar to that of claudin-3 and -5, then each SICM signal represents
a sum of ∼800 channel conductances. The claudin molecular density
in tight junctions is primarily regulated by two processes: insertion
of newly synthesized protein, and endocytosis of existing protein.
By studying claudin interaction with the ER protein Alg5 and its subcellular localization, we found that the majority of the alanine insertion mutations passed ER quality control and trafficked to the tight
junction. Only one mutation in claudin-19 (170A) was found in the
lysosome, suggesting increased endocytosis. Because each claudin
mutant protein was delivered to cells using an overexpression
method, variation in transgene transcription or translation would
less likely cause differences in tight junction function, keeping in
mind that ectopically expressed claudin became highly abundant
intracellularly. The intracellular pool of claudin molecules serves as
reservoir to maintain their constant density within the TJ strands
(Shen et al., 2008).
On the basis of the results in this study, we propose a novel
model for claudin polymerization (Supplemental Figure S6A). Claudin-16 and -19 cis associate as antiparallel dimers on neighboring
cell membranes; trans association occurs between ECL1 and ECL2
contributed by the claudin molecules of the same identity on two
neighboring cells. Further trans association concatenates claudin
dimers on opposing cell membranes into linear polymers. In this
model, no additional interaction involving molecules such as ZO-1 is
required. With the published claudin-15 crystal structure (Suzuki
et al., 2014), we modeled the claudin ion permeation pore based on
the aforementioned polymerization rule. In Supplemental Figure
S6B, claudin molecules 1 and 2 form the antiparallel cis dimer, and

claudin molecules 3 and 4 trans associate with 2 and 1, respectively.
Of note, there is no cis interaction between claudin molecules 3 and
4. Ion permeation pores are arranged between opposing claudin
pair 1 and 4 and pair 2 and 3. According to mutagenic studies of
claudin-2 (Yu et al., 2009), claudin-16 (Hou et al., 2005), and
claudin-19 (Hou et al., 2008), the residues important for ion permeability are located in the fourth β-sheet of ECL1 (Supplemental
Figure S6B, arrow). In this model, the ECL1 β4 domains of each
channel-making claudin pair face the same direction. This arrangement establishes the symmetry of charges within the channel pore
that are important for Brownian dynamics modeling of claudin-2
(Yu et al., 2009). Because the ion permeation pores are arranged
independently and in parallel, this model explains the observation
that different ions can be handled by the tight junction simultaneously—for example, Na+ and Cl− in the case of claudin-16 and -19.
Of note, our model of claudin assembly is similar to that proposed
by Rossa et al. (2014) for claudin-5, which showed cis dimeric arrangements through the third transmembrane domain, and is compatible with the model proposed by Suzuki et al. (2015) for claudin-15, which supported a cis dimeric structure through interactions
of the ECL1 β4 domain. Suzuki et al. (2015) mutated several amino
acid residues in the ECL1 β4 domain to cysteine and demonstrated
that these cysteine mutants formed dimers under oxidative conditions. Nevertheless, these data only confirmed the close proximity
of the two ECL1 β4 domains but not their direct interaction. In fact,
our model not only predicts an identical ECL1 β4 arrangement
(Supplemental Figure S6B, arrows for molecules 3 and 4) to that of
Suzuki and colleagues, but it also states that the two ECL1 β4 domains are brought into close proximity through the underlying transmembrane domain interactions.

MATERIALS AND METHODS
Reagents, antibodies, and cell lines
The following antibodies were used in this study: rabbit polyclonal
anti-CLDN16 (against SYSAPRTETAKMYAVDTRV); rabbit polyclonal
anti-CLDN19 (against NSIPQPYRSGPSTAAREYV); fluorescein isothiocyanate–labeled goat anti-rabbit immunoglobulin G (IgG) and
rhodamine-labeled goat anti-mouse IgG (Millipore, Billerica, MA);
and horseradish peroxidase (HRP)–labeled donkey anti-rabbit and
anti-mouse IgG (GE Life Sciences, Pittsburgh, PA). Mouse L cells
(from the American Type Culture Collection [ATCC], Manassas, VA),
canine MDCK cells (from ATCC), porcine LLC-PK1 cells (from ATCC),
and human HEK293 cells (from Joan Brugge, Harvard Medical
School, Boston, MA) were cultured in DMEM (Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum (FBS), penicillin/
streptomycin, and 1 mM sodium pyruvate. Insect Sf9 cells (from Invitrogen) were cultured in Grace’s Insect Medium supplemented
with TC Yeastolate, lactalbumin hydrolysate, l-glutamine, 10% FBS,
and penicillin/streptomycin (Invitrogen).

Molecular cloning and retrovirus production
The following full-length mammalian claudins were cloned into the
retroviral vector pQCXIN (gift from Joan Brugge): human CLDN16
(GenBank accession no. AF152101) and human CLDN19 (GenBank

monolayers (right). These distributions indicate a much higher conductance on cells with claudin-16 expression than
claudin-19 expression. (F) Statistical graph of tight junction conductance in claudin-16, -19, coculture, and coexpression
cells compared with wild-type cells measured in Ringer’s solution and ion replacement solutions. Mean ± SD. N > 30.
(G) Statistical graph of tight junction ion selectivity in claudin-16, -19, coculture, and coexpression cells compared with
wild-type cells. Mean ± SD. N > 30. (H) Summary of tight junction ion selectivity and absolute permeability to Na+ (PNa)
and Cl− (PCl) in claudin-16, -19, coculture, coexpression, and wild-type cells. Mean ± SD. N > 30.
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accession no. BC030524). The site-directed mutagenesis was
performed with a PCR-based mutagenesis method (Agilent Technologies, Santa Clara, CA). Molecular clones for each of the mutants
were verified by DNA sequencing. Vesicular stomatitis virus-G–
pseudotyped retroviruses were produced in HEK293 cells and used
to infect LLC-PK1 cells at a titer of 1 × 106 cfu/ml, as described previously (Hou et al., 2008). Doubly expressed cells were made through
sequential infections with single claudin retrovirus.

Y2H membrane protein interaction assay

Subconfluent cells (to minimize claudin trans interaction) were dissolved in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1%
Triton X-100, and protease inhibitor cocktail [ThermoFisher Scientific, Waltham, MA]). After shearing with a 23-gauge needle, lysates
(containing 20 μg of total protein) were subjected to 5–20% linear
sucrose gradient sedimentation at 100,000 × g overnight, followed
by SDS–PAGE of each fraction under denaturing conditions and
transference to nitrocellulose membrane, blocking with 3% nonfat
milk, incubation with primary antibodies (diluted 1:1000) and HRPlabeled secondary antibody (diluted 1:5000), and exposure to an
ECL Hyperfilm (GE Life Sciences). Molecular mass was determined
relative to protein markers (Bio-Rad, Hercules, CA).

A Y2H membrane protein interaction assay (MoBiTec Molecular Biotechnology, Goettingen, Germany) was used for analyzing the specific interactions among CLDN16, CLDN19, and their mutants. The
DNA fragments were amplified using PCR and cloned into the vectors pBT3-C and pBT3-N, such that they were in-frame with the
Cub-TF cassette placed downstream and upstream, respectively (for
bait vectors with Cub fusion), and similarly into the vectors pPR3-C
and pPR3-N (for prey vectors with Nub fusion). The assay was performed by transforming the yeast strain NMY51. The correct expression of the bait and prey vectors for CLDN16, CLDN19, and their
mutants was verified by Western blot using LexA mouse monoclonal antibody (Santa Cruz Biotechnology, Dallas, TX). Verification of
correct topology of all the baits was performed using pAI-Alg5 and
pDL2-Alg5 control preys, and the upper limit of selection stringency
of the baits was determined using selective triple-dropout medium
lacking leucine, tryptophan, histidine, and adenine (SD-LWHA).
Transformed yeast cells were plated on selective dropout media
lacking leucine and tryptophan and incubated for growth of positive
transformants. Three to six independent positive transformants
were selected and resuspended in 50 ml of 0.9% NaCl buffer and
spotted on SD-LWHA medium. Growth of colonies on the selective
medium was scored as positive for interaction. To further verify the
positive interactions, β-galactosidase activity was performed following the manufacturer’s protocols (MoBiTec). Quantitative measurements of β-galactosidase activity was performed by lysing 1 ml of
2 OD units each of the overnight culture with 0.05 M Tris, 1% SDS
(pH 8.8), and ∼100 μl of acid-washed glass beads (Sigma-Aldrich, St.
Louis, MO), followed by three freeze–thaw cycles in liquid nitrogen.
The lysate was incubated for 30 min with 10 μl of 10% X-Gal (Carl
Roth, Karlsruhe, Germany). Color development was measured using
a spectrophotometer and scored as an indicator of the strength of
the interaction. Blank measurements were performed with untransformed yeast cells.

Immunolabeling and confocal microscopy

Electrophysiological measurements

Cells grown on coverslips were fixed with 4% paraformaldehyde in
0.1 M phosphate-buffered saline (PBS); cells grown on Transwell inserts (Corning, Corning, NY) were fixed with cold methanol at
−20°C, followed by blocking with PBS containing 10% FBS and incubation with primary antibodies (diluted 1:300) and fluorescein isothiocyanate– or rhodamine-labeled secondary antibodies (diluted
1:200). After being washed with PBS, slides were mounted with
Mowiol (Millipore). Confocal analyses were performed using the
Nikon TE2000 confocal microscopy system equipped with PlanNeofluar ×40 (numerical aperture [NA] 1.3 oil) and ×63 (NA 1.4 oil)
objectives and krypton-argon laser (488- and 543-nm lines). Epifluorescence images were taken with a Nikon 80i photomicroscope
equipped with a DS-Qi1Mc digital camera. All images were converted to TIFF format and arranged using Photoshop CS4 (Adobe,
San Jose, CA).

Electrophysiological recordings were performed on epithelial
monolayers in an Ussing chamber (U9926/T; Harvard Apparatus,
Holliston, MA) that had been modified to adapt Transwells (Hou
et al., 2005, 2008). Voltage and current clamps were performed using the EC-800 epithelial amplifier (Warner Instruments, Hamden,
CT) with Ag/AgCl electrodes and an Agarose bridge containing 3 M
KCl. The TER was measured under the Resistance mode by passing
a constant bipolar current pulse (Io) of 10 μA (<2 kΩ) or 1 μA (> 2 kΩ)
through the epithelium and recording voltage deflection (Vo). Ohm’s
law was used to calculate TER from Vo and Io. The series resistance
(Rs) was measured in absence of the epithelium and subtracted from
TER. Dilution potentials (PDs) were measured under the Current
Clamp mode by clamping the transepithelial current to zero and
recording the equilibrium voltage generated by NaCl diffusion. All
experiments were conducted at 37°C. Electrical potentials obtained
from blank inserts were subtracted from those obtained from inserts
with epithelial monolayers. Ouabain at 1 mM was included in the
basolateral perfusant to inhibit transcellular ion conductance. The
ion permeability ratio (η) for the monolayer was calculated from the
dilution potential using the Goldman–Hodgkin–Katz equation:

Baculovirus production
The full-length human CLDN16 and CLDN19 were cloned into the
baculoviral vectors pFastBac and pFastBac dual for single and double expression, respectively. The transgene was integrated into the
baculovirus backbone through homologous recombination according to the Bac-to-Bac Baculovirus Expression Manual (Invitrogen).
P1 and P2 baculoviruses were harvested in Sf9 cell supernatant, purified with centrifugation, and used to infect Sf9 cells at the titer of
1 × 108 pfu/ml. Correct claudin expression and localization were
verified with Western blot and immunofluorescence imaging,
respectively.

Protein solubilization, electrophoresis, and immunoblotting

Freeze-fracture electron microscopy
Confluent monolayers of LLC-PK1 cells individually expressing or
coexpressing CLDN16, CLDN19, or their mutants were cultured on
Sapphire disks, fixed in 2% glutaraldehyde in Dulbecco PBS (DPBS)
for 20 min at 4°C, rinsed twice in DPBS, infiltrated with 10, 20, and
25% glycerol in 0.1 M cacodylate buffer, pH 7.3, over 1 h at 4°C,
rapidly frozen in liquid helium, and freeze fractured at −115°C in a
Balzers 400 freeze-fracture unit. After cleaning with sodium hypochlorite, replicas were examined by electron microscopy at a magnification of ×62,500.
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η = −(ε – ev)/(1 − εev)
where η is the ratio of the permeability of the monolayer to Na+ over
the permeability to Cl− (η = PNa/PCl), e is the dilution factor
(e = Cbasal/Capical), ν = eV/kT (V is the dilution potential, k is the
Boltzmann constant, e is the elementary charge, and T is the Kelvin
Molecular Biology of the Cell

temperature). The absolute permeabilities of Na+ (PNa) and Cl− (PCl)
were calculated by using the Kimizuka–Koketsu equation:
PNa = (G/C)(RT/F2)η/(1 + η)

in which R is the gas constant, F is the Faraday constant, T is the
Kelvin temperature, z is the charge valence, C(a) is the apical concentration, and C(b) is the basal concentration.

PCl = (G/C)(RT/F2)/(1 + η)

Statistical analyses

where C is the concentration, R is the gas constant, and F is the
Faraday constant.

The significance of differences between groups was tested by analysis of variance (Statistica 6.0; Statsoft, Tulsa, OK). When the all-effects F value was significant (p < 0.05), post hoc analysis of differences between individual groups was made with the Newman–Keuls
test. Values were expressed as mean ± SEM, unless otherwise
stated. The Shapiro–Wilk test was performed for normal distributions, p > 0.05.

Scanning ion conductance microscopy measurements
A modified ScanIC scanning ion conductance microscope (Ionscope,
London, United Kingdom) was used as described before (Chen
et al., 2013), with specimens of interest mounted between two
chambers of a conductivity cell and a double-barreled theta pipette
used as the scanning probe (Figure 6A). One barrel of the pipette
contained the pipette electrode (PE), which served to position the
probe; the second barrel contained the potential electrode (UE)
connected to a differential amplifier (a high-impedance operational
amplifier considered to have zero current) to detect localized potential changes with respect to the reference electrode (RE) placed in
the bath solution. A Pt counterelectrode (CE) placed in the apical
chamber was connected to a CE driver for generating transmembrane countercurrent to prevent fluctuations in the potential of the
RE. Potential variations across a permeable membrane were induced by the application of transmembrane potentials (VTM) at the
working electrode (WE) that swept from −50 to +50 mV at the frequency of 1 Hz in the form of a triangle wave. To record conductance, potential deflections recorded at the UE were measured at a
fixed probe-to-surface distance (Dps) of 0.2 μm and then referenced
to the background response measured far from the surface (Dps =
12.5 μm). The local conductance (G) was calculated from the equation (Cereijido et al., 1980; Gitter et al., 1997)
G=

( ΔV0.2 µm − ΔV12.2 µm )/Δ z
E
=
ρVT
ρΔVWE

in which the electric field (E) was determined by dividing the potential difference (ΔV0.2μm − ΔV12.5μm) recorded at two distinct pipette
distances (Dps) by the vertical displacement of the pipette (Δz); ρ is
the specific resistance of the recording solution, and VT is the potential range applied at the WE to induce potential deflections (VT =
100 mV, swept from − 50 to +50 mV).
Localized conductance was first measured for cell monolayers
with both apical and basolateral sides filled with Ringer’s buffer, buffer A (137 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 8 mM
mannitol, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid [HEPES], pH 7.0). Cation-selective conductance was measured
with buffer A on the basolateral side replaced with buffer B (5 mM
NaCl, 132 mM N-methyl-d-glucamine chloride [NMDG⋅Cl], 5 mM
KCl, 1 mM MgCl2, 2 mM CaCl2, 8 mM mannitol, and 10 mM HEPES,
pH 7.0). In buffer B, Na+ was reduced to 5 mM by isomolar replacement of 132 mM NaCl with NMDG⋅Cl). Anion-selective conductance was measured with buffer A on the basolateral side replaced
with buffer C (137 mM NaGlu, 5 mM KCl, 1 mM MgGlu, 2 mM CaGlu, 8 mM mannitol, and 10 mM HEPES, pH 7.0), in which the Cl−
concentration was reduced to 5 mM via replacement with gluconate
(Glu−). Both NMDG+ and Glu− are considered as impermeable ions
to both transcellular and paracellular pathways (Papini et al., 1998;
Broughman et al., 2004). Ion-selective permeability (P) was calculated from its conductance (G) from the equation (Hille, 2001)

G=

( zF ) 2 C (a ) − C (b )
×
×P
RT
C (a ) 
In 
 C (b ) 
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